Epithelial bending is a fundamental process that shapes organs during development. All currently known mechanisms involve cells locally changing shape from columnar to wedge-shaped. Often this shape change occurs by cytoskeletal contraction at cell apices ("apical constriction") but mechanisms such as basal nuclear positioning ("basal wedging") or extrinsic compression are also known. Here we demonstrate a completely different mechanism which occurs without cell wedging. In mammalian salivary glands and teeth, we show that initial invagination occurs through coordinated vertical cell movement. Specifically, we show that cells towards the periphery of the placode move vertically upwards while their more central neighbours move downwards to create the invagination. We further show that this occurs by active cell-on-cell migration: outer cells migrate with an apical leading edge protrusion, depressing the central cells to "telescope" the epithelium downwards into the underlaying mesenchyme. Cells remain basally attached to the underlying lamina while their apical protrusions are dynamic and planar polarised centripetally. These protrusions depend on the actin cytoskeleton, and inhibition of the branching molecule Arp2/3 inhibits them and the invagination. FGF and Hedgehog morphogen signals are also required, with FGF providing a directional cue. These findings show that epithelial bending can be achieved by novel morphogenetic mechanism of coordinated cell rearrangement quite distinct from previously recognised invagination processes.
rearrangement as "vertical telescoping". In transverse sections of early SG we indeed observed numbers of vertically aligned cells arranged on the inclined, invaginating basal lamina (Fig.2c ).
To test whether vertical telescoping occurs throughout the invaginating SG in an unbiased way, we computationally segmented 3D confocal image stacks to determine the outlines of all the epithelial cells in 3D and fitted ellipsoids to every cell 14 . Vertical telescoping definitively predicts that cells will lean or tilt outwards from the centre of the placode relative to the normal to the lamina (as shown schematically in Fig. 2b ). We therefore mapped the angle of the ellipsoids' principal axes to the plane of the immediately underlying basal lamina (Fig.2b) .
Measuring angles was preferred over attempting to measure vertical position differences due to the variability of cell heights. In early SG, we indeed observed a consistent outward lean between the cells and the lamina ( Fig. 2e -g) as arrows pointing outwards radially from the placodal centre), unambiguously indicative of vertical telescoping across an entire placode.
Judged by the length of the arrows, the extent of telescoping appeared correlated to the degree of invagination, i.e. the steeper the slope is, the more cells leaned outward from the placodal centre and quantification proved this to be the case (Extended Data Fig. 1 , Table 1 ). Thus, vertical telescoping occurs throughout the SG.
We then considered other ectodermal organs. Although different in later stages of development, the initial tooth primordium resembles early SG placode morphologically: both form an invaginated pseudostratified monolayer (before cells in the molar are released from the basal layer by vertical cell divisions to become suprabasal 3, 15 ). To test for vertical telescoping in the tooth, we examined molar primordia at their early initiation stages, when stratification has barely begun. Transverse sections revealed vertical cells on the inclined slope of the lamina (Fig. 2d ).
Mapping the cell-to-lamina angles in 3D, we saw that cells in the basal layer showed the tell-tale outward lean indicative of vertical telescoping, although with a central region having less-tilted cells, consistent with the flatter shape of the tooth invagination at its centre ( Fig. 2h-j) . Thus, vertical telescoping occurs in tooth primordia in the early stages of invagination before formation of a substantial contractile canopy. This shows a unity of morphogenetic mechanism between different placodal organs.
To understand the mechanism of vertical telescoping, we first determined whether it requires the underlying mesenchyme. If mesenchyme contributes to invagination, its removal should result in less invagination. Enzymatic removal of the mesenchyme resulted in a more, rather than less, invaginated placode (Extended Data Fig. 2 ). This result clearly shows that, rather than driving SG invagination, mesenchyme limits it at this stage and that there is most likely an epithelially autonomous mechanism for vertical telescoping.
If vertical telescoping is epithelially driven, then it implies active cell movement consisting of vertical cell migration of cells relative to their neighbours. By analogy with migration of cells on substrates, one might expect that the cells move with a leading-edge protrusion 16 . For the vertical movement implicit in vertical telescoping, a leading edge could be either apical or basal ( Fig. 3a, b ), although some sort of novel snake-like undulating lateral movement is also theoretically possible ( Fig. 3c) 7 . Live imaging of mosaically labelled specimens revealed no apparent basal protrusions or lateral undulations, but did reveal rather highly conspicuous apical protrusions (Movie S1-S3). These protrusions were dynamic and somewhat less obvious, although still visible, in fixed material and in individual movie frames ( Fig. 3d-e ). Although some apical protrusions could be seen in inter-placodal flat epithelium (Extended Data Fig. 3a ), those in the invaginating SG were much more abundant, much larger, and less static ( Fig. 3f , Extended Data Fig. 3b , Movie S4 versus S1). Importantly, the protrusions in the SG cells were all directed towards its centre (i.e. centripetally) compared to the random orientation of nonplacodal cell protrusions ( Fig. 3g -j) (p < 0.001 inside placode and p > 0.05 outside placode, Rayleigh test). Thus, the protrusions are consistent with the model depicted in Fig. 3a : an apical centripetal leading edge vertically raises a cell relative to its more central neighbour while depressing the latter to drive vertical telescoping.
To determine the function of the apical protrusions and signals that induce and orient them, we applied small molecule inhibitors to cultured SG placode explants. We titrated the concentrations of the actin polymerization inhibitor cytochalasin D and the Arp2/3 actin-branching inhibitor CK666 to the lowest concentrations that had a phenotypic effect. At these levels of cytochalasin D, the actin cytoskeleton is affected (Extended Data Fig. 4a ) but cells remain remarkably intact (Extended Data Fig. 4c ) and explants survive without shedding dead cells after 6 hours of incubation. CK666 has an even milder effect, with the actin distribution and cell shapes appearing broadly normal (Extended Data Fig. 4b,c ). Both treatments caused a reduction in the number of apical protrusions ( Fig. 4c ) and inhibited invagination (Fig 4a,b) . Given the selectivity of Arp2/3 for branched actin structures and their association with leading-edge cell protrusions, we conclude that the apical protrusions are likely to be important for the epithelial invagination.
We previously showed 15 that both the Sonic Hedgehog (Shh) and Fibroblast Growth Factor (FGF) pathways drive early tooth morphogenesis. We therefore tested the effect of a Hedgehog signalling inhibitor (cyclopamine) and an inhibitor of FGF receptor (SU5402) in SG explants. At minimum concentrations known to inhibit expression of pathways targets (data not shown) cyclopamine reduced invagination and SU5402 essentially abolished it ( Fig. 4d,e ). Analysis of apical protrusions in mosaically labelled live tissue showed that both cyclopamine and SU reduced the number of protrusions ( Fig. 4e-f ). FGF pathway inhibition, unlike cyclopamine, also disorientated the protrusions from centripetal to random ( Fig. 4g,h) , potentially accounting for the complete loss of invagination and suggesting that FGF plays a polarizing or chemotactic role in organizing cell behaviour in vertical telescoping.
Together our findings reveal cell-on-cell migration as a previously unrecognized mechanism for epithelial monolayer invagination. All previously described and theoretical mechanisms going back at least to the 1930s and up to the present day, have involved cell wedging, while vertical telescoping does not. Thus vertical telescoping introduces a new principle of epithelial bending by cell rearrangement. It requires coordinated vertical migration behaviour of an ensemble of cells and could be considered a form of collective cell migration. Why has this mechanism not been described before? Possibly it does not occur in Drosophila, currently the premier system for epithelial morphogenesis. Possibly, it does not occur in early vertebrate development, although a re-examination of some instances of neural invagination may reveal it. We have shown vertical telescoping to occur in salivary gland and tooth, which are representative of the whole class of ectodermal organs. These are diverse, numerous, widespread and largely conserved across mammals and to some extent birds. Thus vertical telescoping is unlikely to be an obscure rarity.
The comparing the salivary gland with the tooth illustrates how vertical telescoping is related to canopy contraction 3 . In both, cells migrate upwards and centripetally. In the tooth, but not the salivary gland, vertical cell division simply liberates apical (suprabasal) daughters, allowing them to migrate even more centripetally. They remain mechanically linked to their basal sisters, thus creating a contractile canopy coupled to the basal layer. The simple sum of the migratory and oriented cell division behaviours achieves the difference between these two types of ectodermal organ (Extended Data Fig. 5 ).
Understanding mechanisms of physical morphogenesis is a necessary basis for improving the fidelity of organoids to their natural counterparts and for precision regeneration in vivo. Vertical 
Materials and Methods
Mouse strain and staging of embryos 3D image stacks were captured on a Leica SP5 confocal microscope with an HCX PL APO CS 40X oil (N.A. 1.25) or an HCX PL APO 63x / 1.3 GLYC CORR CS (21° C) objective. For 3D cell shape and orientation analyses, placodes were imaged en face at optimal z resolution.
Cell shape and nuclear height analyses
For cell shape analysis, GFP positive embryos were dissected and submandibular glands were imaged en face at optimal z resolution under the 63X objective. Isolated GFP-positive cells contacting the basal lamina were identified by digitally reslicing the 3D stack frontally and viewing in frontal section. To measure cell shapes, along the apicobasal axis, the apical and basal limits of a cell were decided by scrolling up and down the original image stack to find where in z the GFP cell boundary started and ended. These two positions were marked and slice numbers of a quarter, half, three quarters and 9/10 cell height from the base were calculated. Areas of the cell inside the boundary at each of these heights were drawn manually using the freehand tool in Fiji to return the area enclosed. "Base" area for Fig. 1Q was taken as that of the quarter-height slice (necessary because the actual base is often oblique) and the "apical" area was that of the 9/10-height slice (for similar reasons). For nuclear height analysis, whole mount mandibles were stained with DAPI to show the nucleus. Submandibular glands were imaged en face as 3D stacks at optimal z resolution under a 63X confocal objective. The centre of the nucleus and the height of each cell were decided by viewing the cell on a transverse digital section that shows the largest section area of the cell. The line tool in Fiji was used to manually measure the height of the nucleus and the cell. ANOVA test was performed to decide whether there is any significant difference between groups.
Automated quantification of cell orientation
Whole-mount mandibles were stained for β -catenin (for cell boundary), α -laminin (for basal lamina), and DAPI (for nucleus), and a 3D stack of the placode was imaged en face at optimal z resolution on a Leica SP5 40x or 63x objective. Fiji macro and MATLAB were used to segment epithelial cells in 3D and compute cell orientations, The culture was supplied with humidified 5% CO 2 in air in a 37 o C incubation chamber throughout the imaging.
To assess the effect of drugs on cell protrusions in live tissue, mandibular explants were dissected and cultured with drugs in concentrations listed above, in a glass bottom dish and shallow medium so that the surface of the tissue was in contact with air (for tissue health). Explants were cultured at least 3 hrs. before setting up for imaging.
